CO2 activation on bimetallic CuNi nanoparticles  by Austin, Natalie et al.
H O S T E D  B Y Contents lists available at ScienceDirect
Progress in Natural Science: Materials International
journal homepage: www.elsevier.com/locate/pnsmi
Original Research
CO2 activation on bimetallic CuNi nanoparticles
Natalie Austin, Brandon Butina, Giannis Mpourmpakis⁎
Department of Chemical Engineering, University of Pittsburgh, Pittsburgh, PA 15261, United States
A R T I C L E I N F O
Keywords:
Density functional theory
Alloys
CO2 adsorption
Catalysis
Stability
A B S T R A C T
Density functional theory calculations have been performed to investigate the structural, electronic, and CO2
adsorption properties of 55-atom bimetallic CuNi nanoparticles (NPs) in core-shell and decorated architectures,
as well as of their monometallic counterparts. Our results revealed that with respect to the monometallic Cu55
and Ni55 parents, the formation of decorated Cu12Ni43 and core-shell Cu42Ni13 are energetically favorable. We
found that CO2 chemisorbs on monometallic Ni55, core-shell Cu13Ni42, and decorated Cu12Ni43 and Cu43Ni12,
whereas, it physisorbs on monometallic Cu55 and core-shell Cu42Ni13. The presence of surface Ni on the NPs is
key in strongly adsorbing and activating the CO2 molecule (linear to bent transition and elongation of C˭O
bonds). This activation occurs through a charge transfer from the NPs to the CO2 molecule, where the local
metal d-orbital density localization on surface Ni plays a pivotal role. This work identiﬁes insightful structure-
property relationships for CO2 activation and highlights the importance of keeping a balance between NP
stability and CO2 adsorption behavior in designing catalytic bimetallic NPs that activate CO2.
1. Introduction
Novel methods for CO2 capture, storage, and utilization are of
marked interest for mitigating elevated levels of CO2 in the atmo-
sphere, which contributes to the greenhouse eﬀect [1–3]. As an
example, industrial processes, utilizing transition metal (TM) catalysts,
use CO2 as a chemical feedstock to produce important products such as
formic acid and methanol [4]. Given the high thermodynamic stability
of CO2, strong reducing species such as H2, are necessary to activate
CO2 through hydrogenation reactions [5]. For example, industrial
synthesis of methanol, which takes place on a Cu/ZnO/Al2O3 catalyst,
requires a syngas feedstock containing CO, CO2 and H2 [4]. Studies on
alkali-doped metal catalysts [6–8], bare metal catalysts [6,9,10], and
metal oxide catalysts [7,11,12] have shown that CO2 can be activated in
the absence of reducing species (i.e. H2). The activation of CO2 on these
catalysts involves charge transfer from the metal system to the CO2
molecule, which results in a geometric change of CO2 from a linear to a
bent conﬁguration and elongation of the C˭O bonds [5,13]. A recent
periodic Density Functional Theory (DFT) study on CO2 activation and
dissociation on fcc(100) surfaces of Fe, Co, Ni, and Cu, showed that Co
and Ni could favorably chemisorb CO2, transferring signiﬁcant charge
to the molecule from the metal, exhibiting the lowest barriers for CO2
dissociation [14]. Despite considerable research on TM interactions
with CO2, kinetic limitations are still present in industrial processes
that utilize CO2 as a chemical feedstock [15]. Therefore, it is important
to identify catalysts and catalyst properties that activate CO2, in order
to improve the activity of CO2 conversion reactions.
Alloyed systems often exhibit very diﬀerent properties from their
monometallic counterparts, which make them very attractive for
catalytic applications [16–18]. For example, experimental studies on
Ni/Cu(100) surfaces have shown enhanced catalytic activity for metha-
nol synthesis compared to the monometallic Cu(100) surface [19,20].
Additionally, a combined DFT and kinetic Monte Carlo study on the
eﬀects of metal doping (metal = Au, Pd, Rh, Pt, and Ni) of Cu(111) on
methanol synthesis found that the Ni/Cu(111) surface showed the
highest rate for methanol production compared to the other alloyed
systems and the monometallic Cu(111) surface [21]. Temperature
programmed desorption (TPD) experiments on a Ni ﬁlm grown on a
Cu(110) surface showed high rates of CO2 chemisorption compared to
the Cu(110) surface on which only physisorption was observed [22].
The ability of CuNi systems to adsorb CO2 have been theoretically
investigated on Ni-doped Cun (n=1–12) clusters [23]. The Ni-doped
Cun systems chemisorbed CO2 in a bent state, while the pure Cun
clusters only weakly interacted with CO2. In these clusters the strong
CO2 adsorption was observed when CO2 was in direct contact with the
Ni atom of the cluster. CuNi nanoparticle (NP) interactions with CO2
have also been studied on 55-atom NPs with Ni-doped and core-shell
CuNi compositions [24]. In the doped system a single Ni atom was
located in the core, surrounded by 54 Cu atoms and in the core-shell
system 13 Ni atoms were located in the core and 42 Cu atoms were on
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the shell. Only weak CO2 adsorption was observed on these systems as
further indicated by the C˭O bond lengths and O˭C˭O bond angle of
adsorbed CO2 (~1.172 Å and ~180°) remaining similar to that of gas
phase CO2 (1.162 Å and 180°).
As we have pointed out, it appears that the presence of Ni on the NP
surface can facilitate strong CO2 adsorption on the catalyst. In addition,
very recently the active site for CO2 hydrogenation to methanol on the
industrial catalyst Cu/ZnO/Al2O3, was identiﬁed to be a Cu stepped
surface decorated with Zn atoms [4]. According to DFT calculations in
this study, the incorporation of Zn to the Cu(211) surface increased the
adsorption strength of reaction intermediates and decreased the
barriers for methanol synthesis compared to the monometallic
Cu(211) surface. Since the presence of Zn on a catalyst surface
enhances CO2 hydrogenation to methanol [4] and the presence of Ni
on the surface of small clusters facilitates CO2 adsorption [23], in this
study we investigate CO2 adsorption and activation on CuNi bimetallic
NPs, accounting for Ni and Cu surface decorations, core-shell bime-
tallic conﬁgurations, as well as, on their monometallic counterparts.
We provide a thorough analysis on the structural, thermodynamic, and
electronic properties of these NPs that could potentially lead to
identifying stable and active catalytic systems for CO2 conversion to
chemicals.
2. Computational Details
We used the BP86 functional [25,26], the resolution of the identity
(RI) approximation [27,28], and the def2-SV(P) [29,30] basis set as
implemented in the TURBOMOLE 7.02 computational program pack-
age [31]. Dispersion corrections have been taken into account in the
calculations using the D3 method [32,33]. The total electronic energies
of icosahedral 55-atom monometallic and bimetallic NPs composed of
Cu and Ni were determined by geometry optimizations. Speciﬁcally,
these structures include monometallic (Cu55 and Ni55), decorated
(Cu43Ni12 and Cu12Ni43), and core-shell (Cu42Ni13 and Cu13Ni42)
combinations of Cu and Ni atoms. Multiple spin states were considered
in our calculations and the lowest in energy were selected for further
analysis. Furthermore, all the optimized structures were veriﬁed as
minima with frequency calculations (absence of any imaginary modes).
The cohesive energy (binding energy per metal atom, BE/n) [34], a
descriptor for average bond strength of the NPs, was calculated using
Eq. 1:
BE
n
= E -(55-x)E - (x)E
55
Cu Ni Cu Ni55-x x
(1)
where x is the number of Ni atoms in the NP (x =0, 12, 13, 42, 43, and
55) and ECu55-x,Nix, ECu, and ENi are the total energies of the Cu55−xNix
NPs, Cu atom, and Ni atom, respectively. Using Eq. (2) we calculated
the excess energy (Eexc) [35,36], a descriptor for the stability of the
bimetallic NPs relative to their monometallic counterparts:
E =
E - E - E
55exc
Cu Ni
(55-x)
55 Cu
x
55 Ni55-x x 55 55
(2)
where ECu55 and ENi55 are the total energies of the Cu55 and Ni55 NPs.
The Eexc indicates if the formation of the bimetallic systems will be
favorable (negative total energy) or unfavorable. Eq. (3) was used to
calculate CO2 adsorption (binding energy, BE) on the metal NPs
BE=E -E -ENP_CO NP CO2 2 (3)
where ENP_CO2, ENP, and ECO2 are the total energies of CO2 interacting
with the NP, the isolated NP, and isolated CO2, respectively.
Adsorption was assessed with CO2 oriented towards one of the
equivalent corner sites (coordination number 6, CN6) on the surface
of the NPs, in two diﬀerent adsorption conﬁgurations, horizontal and
vertical to the NP surface. In the case of Cu12Ni43, CO2 adsorption was
also investigated with CO2 oriented towards the edge site (CN8) of the
NP where Ni atoms are located (vide-infra analysis). During CO2
optimization, the coordinates of the NPs were kept frozen at their
optimized positions and the CO2 molecule was allowed to relax. The
calculated adsorption states were further veriﬁed as minima with
frequency calculations (absence of imaginary modes on CO2). Natural
Fig. 1. Optimized geometries of 55-atom NPs: monometallic (a) Cu55 and (b) Ni55, decorated (c) Cu43Ni12 and (d) Cu12Ni43 NP with 12 heteroatoms located at the corner (CN6) sites of
the NP, and core-shell (e) Cu13Ni42 and (f) Cu42Ni13 with 13 metal atoms located in the core and 42 heteroatoms in the shell. The equivalent CN6 and CN8 sites on the NPs are illustrated
in (a). The Cu atoms are colored brown and the Ni blue.
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bond orbital (NBO) analysis was used to calculate charge distribution
on all the systems. Molecular orbital plots were visualized using
TmoleX [37], a graphical user interface for TURBOMOLE.
3. Results and discussion
3.1. Structural and electronic properties of Cu55−xNix NPs
The lowest energy structures of the six NPs studied in this work are
shown in Fig. 1. The icosahedral shape, which is the lowest energy
structure for monometallic Cu55 and Ni55[38], was also maintained for
the bimetallic systems. The conservation of the icosahedral geometry
can be attributed to the similar atomic radius of Cu (1.28 Å) [39] and
Ni (1.25 Å) [39] atoms. The calculated BE/n and Eexc of the systems are
shown in Table 1. The BE/n trend from the largest (most negative
value) to lowest value is as follows: Ni55 > Cu12Ni43 > Cu13Ni42 >
Cu42Ni13 > Cu43Ni12 > Cu55. Thus, we ﬁnd that as the Ni fraction in
Cu55−xNix increases, the BE/n also increases. This observation agrees
with the melting points of the metals, with Ni (1728 K) [39] having
higher melting point than Cu (1358 K) [39], and as a result, the average
bond strength of their alloys shows larger values with higher Ni
content. Furthermore we found that the BE/n trend of the mono-
metallics followed that of experimental bulk (Cu 3.49 eV/atom and Ni
4.44 eV/atom) [39], where in this case the more positive BE/n
represents the more stable system.
The Eexc trend describes the stability of the bimetallic NPs relative
to the monometallic parents. The Eexc trend from most stable to least
stable is as follows: Cu42Ni13 > Cu12Ni43 > Cu43Ni12 > Cu13Ni42. Overall
we found that the core-shell structure, Cu42Ni13, is the most energe-
tically favorable formation for the bimetallic NPs. In theoretical work
by Yang et al. the icosahedral Cu42Ni13 NP was also found to be
energetically favorable. [24] The Eexc trends can be attributed to the
surface energy (Cu 1170 ergs·cm−2 and Ni 2240 ergs·cm−2) [40] and
bulk cohesive energy of monometallic Cu and Ni. The surface and
cohesive energy values show that, in general, Cu prefers to reside on the
surface and Ni prefers to be in the core of the NP. This core-shell
preference has been shown to be present in nanoscale systems in the
recent work by Wang et al. [41], calculating segregation energies of
doped transition metal systems. In particular it was found that the Ni
atom preferred to reside in the core than on the surface of a 55-atom
cuboctohedral Cu54Ni. Due to the energetic preference of Cu for the
surface and Ni for the core of the NPs, we ﬁnd that the core-shell
Cu42Ni13 is more energetically favorable than the corresponding
Cu13Ni42 NP, and the decorated Cu12Ni43 is more favorable than the
corresponding Cu43Ni12 NP. Overall the results show that the most
energetically favorable NPs have Cu (lower cohesive and surface
energy) on the lowest coordinated, surface sites, and Ni (higher
cohesive and surface energy) on the highest coordinated, bulk sites of
the NP.
Table 1
Calculated BE/n and Eexc of the Cu55-xNix NPs. The negative values indicate exothermi-
city.
BE/n (eV/atom) Eexc (eV/atom)
Cu55 −3.266 –
Ni55 −4.155 –
Cu43Ni12 −3.413 0.0560
Cu12Ni43 −3.980 −0.0218
Cu42Ni13 −3.535 −0.0692
Cu13Ni42 −3.849 0.113
1 2
1
2
1
2  
1 2
1 2
1
2
Fig. 2. CO2 adsorption on the (a, b) monometallic, (c, d) decorated, and (e, f) core-shell Cu-Ni NPs. The color code is as depicted in Fig. 1 with the addition of CO2 (C colored gray and
oxygen colored red).
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3.2. CO2 adsorption on the Cu55−xNix NPs
Previous theoretical work on adsorption of small molecules, such as
CO, on the surface of NPs showed that the stronger adsorption was
observed on surface NP sites exhibiting low CNs (e.g. corners, edges)
[42]. In turn, in the CO2 adsorption studies [5,6,14], strong adsorption
of the CO2 molecule on the metal surface results to its activation. Thus,
we primarily investigated the CO2 adsorption on the corner (CN6) site
(the lowest coordinated site in our systems) of the Cu55−xNix NPs. As
shown in Fig. 1(a), since all the CN6 sites are equivalent (same with the
CN8 edge sites) due to the Ih symmetry of the NPs, we studied the CO2
adsorption on one of these sites. The lowest energy structures for CO2
adsorption are shown in Fig. 2. We calculated the adsorption energy for
two orientations of the CO2 molecule: (i) horizontal CO2, where the C
atom of CO2 was interacting with the corner site and (ii) vertical CO2,
where an O atom of CO2 was interacting with the corner site. The
horizontal orientation was found to be the most preferred adsorption
conﬁguration of CO2 on all the metal NPs in our study. Consistent with
literature [5,9,12–14], we found that the systems that activate CO2
always show strong adsorption and charge transfer from the metal NP
to CO2, which results in a linear to bent transition of the CO2 molecule,
and elongation of the C˭O bonds. Speciﬁcally from Table 2 we found
strong CO2 adsorption on Ni55, Cu43Ni12, Cu12Ni43, and Cu13Ni42 and
weak adsorption on Cu55 and Cu42Ni13. In addition as shown in Table 2
the systems with strong CO2 adsorption had more than −0.6|e|
transferred to the CO2 molecule while in the weakly adsorbed systems
there was no signiﬁcant charge transfer. The geometric properties of
gas phase CO2 and CO2 interacting with the metal NPs are also shown
in Table 2. Compared to gas phase (non-interacting) CO2, the O1-C-O2
angle of the strongly adsorbed CO2 decreased ( < 150°) and the C˭O
bonds elongated ( > 1.2 Å) which indicates the activation of the CO2
molecule. In the weakly adsorbed systems the bond angles and bond
distances of CO2 remained similar to gas phase CO2. The deviations of
average bond lengths (black squares) and angles (blue circles) between
adsorbed and gas phase CO2 as a function of CO2 BE are illustrated in
Fig. 3. It is clear that both the CO2 bond distances and angles are
aﬀected in a similar way with the CO2 BE. To demonstrate this
interdependence between the CO2 angle and bond distance deviation
(from CO2 gas) we plotted these geometric properties in the inset of
Fig. 3 and we observe a perfect linear trend. Overall, Fig. 3 shows that
the bending of the CO2 molecule and the elongation of its bonds show
the same behavior and they are enhanced (increased activation) with
stronger adsorption on the NP surface. In Fig. 4(a) we demonstrate the
CO2 BE as a function of the total charge transferred to the CO2
molecule. We notice that bimetallic systems with Ni atoms being on the
surface of the NP transfer signiﬁcant charge to CO2. In turn, this results
in strong CO2 adsorption, while for the Cu42Ni13 system, where Ni is at
the core of the NP and inaccessible to CO2, signiﬁcant charge transfer is
not observed, resulting to weak CO2 adsorption. It should be noticed
that so far, our discussion on the activation of the CO2 molecule is
entirely focused on the structural and electronic observations made on
the CO2 molecule itself.
From a catalyst design perspective, we need to identify a property of
the metal NPs that could correlate with the observed activation. As a
result, we made an eﬀort to rationalize the CO2 adsorption behavior
using the d-band center (dC) model by Hammer and Norskov [43,44].
We calculated the local dC on a single metal site of CO2 adsorption (Cu
or Ni) on the Cu55−xNix NPs. In Fig. 4(b), the CO2 adsorption values
are plotted as a function of the local site dC of the NPs. The observed
linear trend indicates that there is an increase in CO2 adsorption with
decrease in the dC, shifting towards the energy level of the CO2 Lowest
Unoccupied Molecular Orbital (LUMO), which is located at −0.35 eV
(blue dashed line). The Cu43Ni12 showed the highest local dC and
strongest BE, while the Cu55 showed the lowest dC and the weakest BE.
Notice that the Cu43Ni12 positions its local-site dC at the energy level of
CO2 LUMO, showing the strongest adsorption. It is important to note
that for Cu12Ni43 we did not observe strong adsorption when CO2
interacted directly with the corner Cu sites of the NP. Even the
presence of Ni atoms in the neighboring positions (edge sites), did
not enhance CO2 adsorption on the corner site compared to the Cu55
system. However, since surface Ni is responsible for enhancing the CO2
adsorption (compare CO2 adsorption on Cu55 vs. Cu43Ni12), we
calculated the adsorption energy of CO2 on an edge site (CN8) of the
Cu12Ni43, where the Ni atoms are located. In this case we observe a
strong CO2 adsorption on Cu12Ni43 which was 0.4 eV lower in energy
than the case where the CO2 interacted with the Cu atoms of the NP.
This shows that the presence of Ni atoms on the surface of the NP
signiﬁcantly enhances CO2 adsorption.
To further rationalize the eﬀect of the metal's d-orbital density and
the charge transfer on the CO2 activation, we plotted the Highest
Occupied Molecular Orbitals (HOMO) of Cu55, Ni55, Cu43Ni12 and
Cu12Ni43 NPs as shown in Fig. 5. These are the monometallic parents
(Cu55 and Ni55), the bimetallic showing the strongest CO2 adsorption
(Cu43Ni12) among the NPs studied, and the bimetallic NP that shows
strong CO2 adsorption and favorable Eexc (Cu12Ni43). It has been
shown that charge transfer from the metal to CO2 occurs when the d-
orbitals of the metal NP signiﬁcantly interacts with the 2Πu antibond-
ing orbital (LUMO) of CO2 [13]. In Fig. 5 we assessed the presence of
d-orbital character in the HOMO orbitals of the aforementioned NPs.
Figs. 5(a) and (b) illustrate the HOMO orbital distribution on mono-
metallic Cu55 and Ni55 respectively. From the shape of the orbitals we
observe primarily s-orbital localization on Cu55, while there is mainly
d-orbital localization on Ni55. By quantifying the orbital character
through the atomic orbital coeﬃcients of the HOMO, we found that
Table 2
CO2 binding energies on the NPs, total charge (NBO) transferred to CO2, and geometric
properties of gas phase CO2 (non-interacting) and CO2 interacting with the NPs. Binding
energies are in eVs. Bond lengths of C-O1 and C-O2 are in angstroms, Å. Bond angle of
O1-C-O2 are in degrees, °.
BE (eV) |e| C-O1 (Å) C-O2 (Å) O1-C-O2 (°)
CO2 (gas) – – 1.175 1.175 180.000
Cu55 −0.368 0.00825 1.169 1.183 179.406
Ni55 −0.665 −0.658 1.243 1.238 141.610
Cu43Ni12 −0.919 −0.604 1.245 1.230 143.465
Cu12 Ni43 −0.803 −0.810 1.216 1.309 132.070
Cu42Ni13 −0.391 0.00207 1.183 1.170 178.989
Cu13 Ni42 −0.891 −0.652 1.231 1.255 140.476
Fig. 3. Deviation of adsorbed CO2 average C˭O bond length (left ordinate) and O˭C˭O
bond angle (right ordinate) from gas phase CO2 as functions of CO2 BE. The inset ﬁgure
at the bottom left shows a linear relationship between average C˭O bond length and
O˭C˭O bond angle.
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there is a much greater fraction of d-orbital character in the HOMO of
Ni55, which shows strong binding to CO2 than in Cu55, which weakly
adsorbs CO2. The bimetallic systems Cu43Ni12 and Cu12Ni43 show high
fractions d-orbital character with Cu12Ni43 having the highest.
Cu43Ni12 has a lower fraction of d-orbital character than Cu12Ni43
because of the lower fraction of Ni atoms in Cu43Ni12 than in Cu12Ni43.
It should also be noticed that the d-orbitals are localized on surface
CN6 atoms of the Cu43Ni12, whereas, on the CN8 of the Cu12Ni43. In
other words, the surface sites where the Ni atoms are located show
strong CO2 adsorption. Overall we demonstrate that adding Ni on the
surface of Cu NPs increases the presence of d-orbital character, which
in turn, results in a favorable interaction of the NP with CO2, and
subsequent activation of the CO2 molecule. Although we found that
Cu43Ni12 binds CO2 the strongest, the most promising NP from our
study is the Cu12Ni43 because in addition to the strong CO2 adsorption
(BE =−0.8 eV) and activation, it shows favorable energetics for its
synthesis (Eexc=−0.02 eV/atom). This study highlights that in bimetal-
lic catalyst design it is important to achieve a balance between catalyst
stability (the most stable CuNi NPs prefer Cu to be on the surface) and
interaction strength of the catalyst with adsorbates (CO2 strongly
adsorbs and is being activated on surface Ni). Although computational
studies like this one identify bimetallic NPs that are stable and
promising for CO2 activation, there is a synthetic challenge in forming
nanostructures with (in-silico) predeﬁned architecture. Recent experi-
mental advances on the controlled synthesis of bimetallic NPs with
atomic precision can pave the way towards achieving this goal [45,46].
4. Conclusions
In summary, we performed a DFT investigation on the structural,
electronic and CO2 adsorption properties of Cu55−xNix (x=0, 12, 13, 42,
43, and 55) NPs with a monometallic, core-shell, and decorated
distribution of Cu and Ni atoms. We found that the BE/n of the
bimetallic systems was a linear combination of the BE/n of the
monometallic systems. We also calculated the excess energy (Eexc) of
the bimetallic NPs with respect to the monometallic NPs and showed
that the formation of decorated Cu12Ni43 and core-shell Cu42Ni13 NPs
were energetically favorable, while the formation of core-shell Cu13Ni42
and decorated Cu43Ni12 were less favorable. These trends rationalize
the preference of Cu to be located at the surface of the NPs rather than
Ni. CO2 adsorption calculations revealed weak interaction (physisorp-
tion) with the monometallic Cu55 and core-shell Cu42Ni13, while the
monometallic Ni55, decorated Cu12Ni43 and Cu43Ni12, and core-shell
Cu13Ni42 chemisorbed CO2. In the chemisorbed cases we found strong
adsorption of CO2 on the corner sites of all NPs except Cu12Ni43 where
strong CO2 adsorption was found on the edge sites. The sites of strong
adsorption on the NPs were always surface sites which were occupied
by Ni atoms. Thus, the location of Ni on the NP plays an important role
in the resulting adsorption behavior. The chemisorption behavior on
the NPs was attributed to charge transferred from the metal NPs to CO2
which led to the activation of the molecule. Additionally, we calculated
the local-site d-band center (dC) and we found a linear relationship
between the dC and CO2 adsorption energy. The sites of strong
Fig. 4. CO2 BE as a function of (a) total charge on CO2 and (b) local dC of the Cu55−xNix NPs. The dashed black lines in both ﬁgures serve as a guide to the eye. In (b) the vertical blue line
represents the LUMO orbital energy of the CO2 molecule.
Fig. 5. Visual representation of the HOMO orbitals and fractional distribution of the HOMO orbital character of the (a) Cu55, (b) Ni55, (c) Cu43Ni12, (c) Cu12Ni43 NPs.
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adsorption localize HOMO orbitals with increased d-character. Overall
this study demonstrates that the presence of surface Ni on CuNi
bimetallic NPs can signiﬁcantly enhance CO2 adsorption, resulting in
the activation of the CO2 molecule. Furthermore, among the diﬀerent
nanostructures in this study we identiﬁed the Cu12Ni43, which can be
potentially experimentally synthesized and activate CO2 for dissocia-
tion and hydrogenation reactions due to its exothermic Eexc and strong
adsorption behavior towards CO2, respectively.
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